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Light Higgs channel of the resonant decay of magnon condensate in superfluid 3He-B
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In superfluids the order parameter, which describes spontaneous symmetry breaking, is an ana-
logue of the Higgs field in the Standard Model of particle physics. Oscillations of the field amplitude
are massive Higgs bosons, while oscillations of the orientation are massless Nambu-Goldstone bosons.
The 125 GeV Higgs boson, discovered at Large Hadron Collider, is light compared to electroweak
energy scale, which led to a suggestion of the “little Higgs” extension of the Standard Model, in
which the light Higgs appears as a NG mode acquiring mass due to violation of a hidden symmetry.
Here we show that such light Higgs exists in superfluid 3He-B, where one of three Nambu-Goldstone
spin-wave modes acquires small mass due to the spin-orbit interaction. Other modes become optical
and acoustic magnons. We observe parametric decay of Bose-Einstein condensate of optical magnons
to light Higgs modes and decay of optical to acoustic magnons. Formation of a light Higgs from a
Nambu-Goldstone mode observed in 3He-B opens a possibility that such scenario can be realized in
other systems, where violation of some hidden symmetry is possible, including the Standard Model.
PACS numbers: 67.30.H-, 14.80.Bn, 67.30.hj, 67.85.Fg
Introduction
The superfluid transition in 3He, a fermionic isotope
of helium, occurs due to formation of Cooper pairs with
orbital momentum L = 1 and spin S = 1. The corre-
sponding order parameter is a 3 × 3 matrix of complex
numbers, which includes both spin and orbital degrees of
freedom.1 Thus, besides fermionic quasiparticles, super-
fluid 3He possesses 18 bosonic degrees of freedom, col-
lective modes (oscillations) of the order parameter. Each
mode has a relativistic spectrum ω2(k) = ω20+(c k)
2, with
a mode-specific wave velocity c and a gap (or mass) ω0.
Modes with non-zero ω0 are Higgs modes and others are
Nambu-Goldstone (NG) modes. Each NG mode corre-
sponds to spontaneously broken continuous symmetry of
the normal state.
In conventional superconductors with the order param-
eter of a single complex number, only the symmetry with
respect to the change of the wave-function phase is bro-
ken. This leads to one NG phase mode and one amplitude
Higgs mode, which was experimentally observed.2–4
In unconventional B phase of superfluid 3He the sym-
metry with respect to relative rotations of the spin and
orbital spaces is additionally broken,5 and the order pa-
rameter in the zero magnetic field is
Aαi = ∆ e
iΦ Rαi(nˆ, θ) , (1)
where ∆ is the gap in the fermionic spectrum, Φ is the
phase and Rαi is a rotation matrix, which connects spin
and orbital degrees of freedom. The matrix Rαi is repre-
sented in terms of the rotation axis nˆ and angle θ. Pa-
rameters Φ, nˆ and θ determine a 4-dimensional subspace
of degenerate states. Thus among 18 collective modes
of 3He-B, Fig. 1a, four are NG modes: oscillation of Φ is
sound and oscillations of Rαi (or nˆ and θ) are spin waves.
The other 14 modes are the Higgs modes with energy
gaps of the order of ∆. These heavy Higgs modes have
been investigated for a long time both theoretically6–9
and experimentally.10–14
In superconductors and in the Standard Model, the
NG bosons become massive due to the Anderson-Higgs
mechanism.15–17 In electrically neutral 3He these modes
are gapless, when viewed from the scale of ∆ ∼ 100MHz
(set by the critical temperature Tc ∼ 10
−3K). At low
energy scale of ∼ 1MHz, corresponding to the frequency
of our nuclear magnetic resonance (NMR) experiments,
two weak effects become significant: spin-orbit interac-
tion and applied magnetic field H, Fig. 1b.
Spin-orbit interaction lifts the degeneracy with respect
to θ, and the minimum energy corresponds to the so-
called Leggett angle θL = arccos(−1/4). This explicit
violation of the symmetry of the B phase leads to ap-
pearance of the gap for the θ mode. This mode becomes
an additional, light, Higgs boson. The gap value ΩB is
called Leggett frequency, it is a measure of the spin-orbit
interaction. At low temperatures ΩB ∼ 100 kHz ≪ ∆.
Two other spin-wave modes are oscillations of nˆ. In the
magnetic field the equilibrium state corresponds to nˆ ‖ H
and the field splits these two modes in the same way as
in ferromagnets. One of the modes, the optical magnon,
acquires the gap equal to the Larmor frequency ωL =
γH (where γ is the gyromagnetic ratio). Another one,
the acoustic magnon, remains gapless, but its spectrum
becomes quadratic. Such unusual form of the spectrum
comes from a violation of the time reversal symmetry by
the magnetic field (general discussion of the NG modes
with quadratic spectrum see in Ref. 18).
All three low frequency spin-wave modes are described
by the closed system of Leggett equations.1 In particle
physics such set of low-energy modes, which includes NG
modes and a light Higgs, is called the Little Higgs field.19
Formal definition of such field in 3He-B is given in Sup-
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FIG. 1: Illustration of collective-mode spectra in 3He-B. (a) Modes at high energy scale (ω ∼ ∆ ∼ 100MHz). From top
to bottom there are six separate branches. Three red lines show heavy Higgs modes: four degenerate pair breaking modes with
the gap 2∆, five imaginary squashing modes with the gap
√
12/5∆, five real squashing modes with the gap
√
8/5∆. Nambu-
Goldstone modes include a sound mode (propagating oscillations of Φ), a spin-wave mode which corresponds to propagating
oscillations of θ, two spin-wave modes which corresponds to propagating oscillations of nˆ. These modes are gapless at the high
energy scale and have different propagation velocities c. (b) Spin-waves modes at low energy scale (ω ∼ 10−3∆ ∼ 100 kHz).
Due to spin-orbit interaction the θ mode acquires a small gap ΩB ≪ ∆ and becomes a light Higgs boson. Two nˆ modes are
split by the magnetic field into optical and acoustic magnons. Arrows indicate decay channels observed in our experiments.
plementary Note 1.
In an NMR experiment one follows the dynamics of
magnetizationM, or of the spin S of the sample. The mo-
tion of θ, corresponds to longitudinal spin waves, δS ‖ H,
while oscillations of nˆ correspond to transverse spin mo-
tion, δS ⊥ H. Optical magnons can be directly cre-
ated with traditional transverse NMR. With a suitable
coil system one can also directly excite longitudinal spin
oscillations, or light Higgs mode.20 Coupling to short-
wavelength acoustic magnons is hard to achieve in a tra-
ditional NMR experiment with large excitation coils.
In this work we use a technique, based on Bose-
Einstein condensate (BEC) of optical magnons,21 to
probe interaction and conversion between all components
of the little Higgs field in 3He-B. As a result, we ob-
serve parametric decay of optical magnons to light Higgs
bosons, and both parametric and direct conversion be-
tween optical and acoustic magnons. The measured
mass of light Higgs and propagation velocity of acoustic
magnons are close to the expected values. Thus we exper-
imentally confirm the little Higgs scenario in 3He-B. The
little Higgs field appears in quantum chromodynamics,22
where NGmodes (pions) acquire light mass due to the ex-
plicit violation of the chiral symmetry, which is negligible
at high energy, but becomes significant at low energy.23
The relatively small mass of the 125 GeV Higgs boson
observed at the Large Hadron Collider suggests that it
might be also the pseudo-Goldstone (light Higgs) boson
(see e.g. Ref. 24 and references therein).
Results
Suhl instability. As a tool to study dynamics of the
little Higgs field in superfluid 3He-B we use trapped Bose-
Einstein condensates of optical magnons, Fig. 2. The
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FIG. 2: Experimental setup. (a) Superfluid 3He-B is con-
fined in a cylindrical quartz container, and a constant mag-
netic field H is applied along the container axis. A special
coil creates a minimum of the field magnitude H in the axial
direction, while transverse NMR coils are used to pump opti-
cal magnons and to detect magnetization precession. Green
arrows show equilibrium distribution of the nˆ vector, which
together with the H profile creates a trap for optical magnons
near the axis of the sample. In this trap magnon BEC is
formed. (b) An example of the signal from the NMR coil
during the condensate decay measured at ω/2pi = 833 kHz
and P = 0 bar. Its amplitude is proportional to the coher-
ently precessing transverse magnetization of the condensate.
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FIG. 3: Measurements of the Suhl instability. (a) An example measurement of the NMR signal amplitude during the
magnon condensate decay obtained at ωL/2pi = 741 kHz and P = 26.4 bar. A Suhl instability threshold at the amplitude Ath is
clearly seen. (b) Dependence of the threshold amplitude Ath on the frequency of optical magnons ωopt ≈ ωL (colored symbols)
for three pressures P . Sharp decrease is seen at ωopt = 2ΩB(P ), where the decay of an optical magnon to two light Higgs bosons
becomes possible. Black lines are smoothed data using running average. Curves for different pressures are shifted in the vertical
direction and respective zero levels are marked by horizontal lines. (c) Zoom to one measurement in the panel b shows periodic
modulation, which corresponds to resonances of acoustic magnons in the experimental container. (d) Pressure dependence of
the light Higgs boson mass ΩB (symbols) from measurements in the panel b. (e) Frequency separation of acoustic magnon
resonances (symbols) from measurements like in the panel c. Solid lines in the panels d and e are theoretical values based on
known 3He parameters1 without fitting.
condensate is well separated from the container walls,
where the strongest magnetic relaxation in 3He usually
occurs.25 Thus tiny relaxation effects, connected to cou-
pling of optical magnons to other components of the little
Higgs field, can be observed.
When number of pumped magnons is low, slow expo-
nential relaxation of the precession signal is determined
by spin diffusion and energy losses in the NMR pick-
up circuit,26 Fig. 2b. We have found that above some
threshold amplitude the relaxation becomes much faster,
Fig. 3a. The explanation is the Suhl instability,27 a
well-known nonlinear effect in magnets when a uniform
precession of magnetization (here at the optical magnon
frequency ωopt) parametrically excites a pair of acoustic
magnons with twice smaller frequency ωac and opposite
k-vectors: ωopt = ωac(k)+ωac(−k). In the case of
3He-B
both acoustic magnons and the light Higgs modes can be
parametrically excited, Fig. 1b. The process occurs with
conservation of energy and momentum. The threshold
amplitude is inversely proportional to the coupling be-
tween decaying and excited waves and proportional to
the relaxation in the excited wave.
Mass of light Higgs. The measured threshold am-
plitude as a function of NMR frequency and pressure
is plotted in Fig. 3b. The frequency dependence al-
lows us to identify the decay channels. It is clear from
Fig. 1b that the decay of the optical magnon to a pair
of light Higgs bosons with the frequency ωHiggs, ωopt =
ωHiggs(k)+ωHiggs(−k), is possible only when the preces-
sion frequency is larger then 2ΩB. We see a pronounced
drop of the threshold amplitude at this frequency: The
threshold decreases by about an order of magnitude.
In Fig. 3d the measured mass of light Higgs ΩB is
plotted as a function of pressure. Measurements are in
a good agreement with values of the Leggett frequency
from Ref. 1.
Resonances of acoustic magnons. In addition to
the sharp drop, connected with light Higgs mode, we
find periodic modulation of the threshold amplitude as a
function of the frequency of the precession, Fig. 3c. These
periodic peaks originate from the parametric decay of the
optical magnons in the BEC to acoustic magnons. The
frequency dependence is explained by quantization of
the magnon spectrum in the cylindrical container, which
serves as a resonator for acoustic magnons. Consider a
decay of the optical magnon with frequency ωopt into
acoustic magnons with frequency ωac = N ωopt, where
for the parametric excitation N = 1/2. In the following
discussion we will use ωopt = ωL since the difference is
negligible for trapped optical magnons. By sweeping the
4magnetic field we can change both magnon spectrum and
magnon trap and observe resonances in the cell. The sim-
ple resonance condition for acoustic magnons in a cylin-
der with the radius R gives the distance between the
resonances (Supplementary Note 2):
δfN =
1
√
N(1 +N)
c
4R
. (2)
where c is the relevant spin-wave velocity.
In Fig. 3e the measured acoustic magnon resonance
period δf1/2 is plotted as a function of pressure. The
results are in a good agreement with Eq. (2), where val-
ues of the spin-wave velocity are taken from our recent
measurements.4
Effect of quantized vortices. An additional relax-
ation mechanism for the magnon condensate is found
when quantized vortices are formed in the sample. In
the presence of these localized topological objects the mo-
mentum k of the spin-wave modes is not conserved, and
one expects direct excitation of acoustic magnons by the
optical mode. We can rotate the sample with angular ve-
locities up to Ω = 2 radian per second to create a cluster
of rectilinear quantized vortices, which cross the whole
experimental region including the magnon BEC, Fig. 4a.
In this state the relaxation rate, plotted as a function of
the frequency in Fig. 4b, reveals several periodic sets of
peaks. We attribute these peaks to resonances of acoustic
magnons with frequencies ωL, 2ωL, etc.
In 3He-B the rotational symmetry of a vortex is spon-
taneously broken and the vortex core can be treated as
a bound state of two half-quantum vortices which can
rotate around the vortex axis. Dynamics of the vortex is
affected by the precessing magnetization30,31. Precession
of S and nˆ in the magnon BEC produces torsional oscil-
lations of the vortex core. The fact that the equilibrium
position of nˆ deviates from the vertical direction within
the magnon BEC makes this oscillations unharmonic. As
a result, acoustic magnons with frequencies NωL can be
emitted.
The amplitudes of the various resonances depend on a
distribution of vortex cores and the wave nodes of acous-
tic magnons. For example, an axially symmetric dis-
tribution of vortices can excite only symmetric waves,
which means doubling of the observed resonance pe-
riod. In our experiment acoustic magnons (with wave
length 5 − 10 µm) are emitted by vortices, which are
within the magnon condensate. The distance between
vortices 0.1− 0.2 mm is comparable with the size of the
trapped condensate 0.2− 0.4 mm. Thus the amplitudes
of resonances are sensitive to details, such as order pa-
rameter texture, rotation and pressure and we do not see
all the harmonics at all pressures. Nevertheless the res-
onance periods plotted in Fig. 4c follow the theoretical
values (2) or their multiples (denoted as 2 δf1, etc.).
Discussion
To summarize, we have observed the interplay of all
three spin wave modes, which form a little Higgs field in
superfluid 3He-B. In particular, we have found two chan-
nels of parametric decay of optical magnons: to a pair
of light Higgs bosons and to a pair of acoustic magnons.
While the search for similar resonant production of pairs
of Standard Model Higgs bosons reported by the ATLAS
collaboration32 has not succeeded yet, our results sup-
port the basic physical idea behind this effort. Another
system where the light Higgs mode can be observed is the
multicomponent condensate in cold gases33, where inter-
action between components can be set up to produce the
hidden symmetry.
We find that the low-energy physics in superfluid 3He
has many common features of the Higgs scenario in Stan-
dard Model: both are described by the SU(2) and U(1)
symmetry groups; the acoustic and optical magnons cor-
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FIG. 4: Excitation of acoustic magnons by vortices.
(a) Schematic plot of vortices in rotating 3He-B. Precession
of magnetization of the magnon condensate cause oscillations
of non-axisymmetric vortex cores. The oscillations produce
acoustic magnons and increase relaxation of the condensate.
(b) Relaxation rate of the magnon condensate as a func-
tion of frequency, measured at Ω = 1 radian per second and
P = 23.4 bar. Two sets of acoustic magnon resonances with
periods about 1 kHz produce a clearly seen beat with a pe-
riod of 5 kHz. (c) Measured periods of magnon condensate
relaxation peaks (symbols) as a function of pressure. Lines
are plotted using equation (2) for acoustic magnon resonances
without fitting parameters.
5respond to the doublet of W+ and W− gauge bosons
which spectrum also splits in magnetic field;3 the light
Higgs mode has parallel with the 125GeV Higgs boson.
However, in addition, the 3He-B has the high-energy sec-
tor with 14 heavy Higgs modes. This suggests that in
the same manner the 125GeV Higgs boson belongs to
the low energy sector of particle physics, and if so, one
may expect the existence of the heavy Higgs bosons at
TeV scale.
We have demonstrated that the short-wavelength
acoustic magnons can be emitted and detected with the
BEC of optical magnons. Acoustic magnons can be
lensed by non-uniform magnetic fields and the order-
parameter texture, and thus might serve in future as a
powerful local probe to study topological superfluidity of
3He, including Majorana fermions on the boundaries of
the superfluid and in the cores of quantized vortices.
Methods
The sample geometry and NMR setup. Superfluid
3He-B is placed in a cylindrical container with the inner di-
ameter of 2R = 5.85mm, made from fused quartz, Fig. 2.
The container has closed top end and open bottom end, which
provides the thermal contact to the nuclear demagnetization
refrigerator. Static magnetic field is applied parallel to the
container axis. A special coil creates a controlled minimum
of the field magnitude along the axial direction. Transverse
NMR coils, made from copper wire, are used to create and
detect magnetization precession. Coils are part of a tuned
tank circuit with the Q value of around 130. Frequency tun-
ing is provided by a switchable capacitance bank, installed at
the mixing chamber of the dilution refrigerator. To improve
signal to noise ratio, we use a cold preamplifier, thermalized
to liquid helium bath.
The measurements are performed at low temperatures
T < 0.2 Tc, where spin-wave velocities and the Leggett
frequency are temperature-independent. Typically we use
T = 130 − 350µK, depending on pressure. The temperature
is measured by a quartz tuning fork thermometer, installed
at the bottom of the sample cylinder. The heat leak to the
sample was measured in earlier work to be about 12 pW.35
The measurements are performed at pressures 0− 29 bar and
in magnetic fields H = 17− 26 mT with corresponding NMR
frequencies ωL/2pi = 550 − 830 kHz.
Magnon trap. Minimum of the axial magnetic field forms
a trapping potential for optical magnon quasiparticles in the
axial direction. Trapping in the radial direction is provided
by the spin-orbit interaction via the equilibrium distribution
of the order parameter. In this geometry it forms the so-
called flare-out texture: nˆ is parallel toH on the cell axis and
tilted near walls because of boundary conditions.36 The com-
bined magneto-textural trap is nearly harmonic with trapping
length about 0.3mm in the radial direction and 1mm in the
axial direction (see Supplementary Note 3 for details).
Measurements of magnon BEC. Owing to the geom-
etry, the coils couple only to optical magnons with k ≈ 0.
With a short rf pulse in the NMR coils non-equilibrium opti-
cal magnons are created. At temperatures of our experiment
equilibration within the magnon subsystem proceeds much
faster that the decay of magnon number, and the pumped
magnons are condensed to the ground level of the trap within
0.1 s from the pulse. Manifestation of Bose-Einstein condensa-
tion is the spontaneously coherent precession of the conden-
sate magnetization,37,38 which induces current in the NMR
coils. The amplified signal is recorded by a digital oscillo-
scope; an example record is in Fig. 2b. We then perform slid-
ing Fourier transform of the signal with the window 0.3− 1 s.
In the resulting sharp peak in the spectrum the frequency
determines the BEC precession frequency ωopt, while the am-
plitude (such as shown in Fig. 3a) is proportional to the square
root of the number of magnons in the trap.
Rotation. The sample is installed in the rotating nuclear
demagnetization refrigerator ROTA,39 and can be put in rota-
tion together with the cryostat and the measuring equipment.
The cryostat is properly balanced and suspended on active vi-
bration isolation, and in rotation the heat leak to the sample
remains below 20 pW.35 Vortices are created by increasing an-
gular velocity Ω from zero to a target value at temperature
around 0.7 Tc, where the mutual friction allows for fast relax-
ation of vortex configuration towards an equilibrium array.40
Further cool-down is performed in rotation.
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7SUPPLEMENTARY NOTE 1
Spin waves in 3He-B
Spin waves in3He-B correspond to motions of the rotation
matrix Raj . The matrix can be represented by means of the
rotation axis nˆ and the rotation angle θ as
Raj = cos θ δaj + (1− cos θ) nanj − sin θ eajknk. (3)
The motion is affected by the energy of the spin-orbit in-
teraction Fso and the gradient energy F∇:
Fso =
χBΩ
2
B
15γ2
(RjjRkk +RjkRkj), (4)
F∇ =
1
2
∆2(K1G1 +K2G2 +K3G3), (5)
where
G1 = ∇jRak∇jRak,
G2 = ∇jRak∇kRaj ,
G3 = ∇jRaj∇kRak,
χB is the spin susceptibility of the
3He-B, γ the gyromag-
netic ratio for the 3He atom, ΩB the Leggett frequency, ∆
the superfluid gap, and K1,K2 and K3 are parameters of the
gradient energy.
The spin-orbit interaction energy has a simple form in
terms of nˆ and θ with a minimum at θ = arccos(−1/4):
Fso =
χBΩ
2
B
15γ2
(cos θ + 1/4)2 + const. (6)
The equation of small spin oscillations near the equilibrium
value S0 = (χB/γ) H is
2
S¨c = [S˙× γH]c (7)
+
∆2γ2
χB
[
K ∇2 Sc −K′ ∇jR0cjR0ak∇k Sa
]
− Ω2B nˆ · (S− S0) nˆc,
where K = 2K1 +K2 +K3 and K
′ = K2 +K3.
In a texture with nˆ ‖ H or in a high magnetic field
ω2L/Ω
2
B ≫ 1 one can separate transverse and longitudinal os-
cillations. In the case of short wavelengths (when the spin
changes on a much shorter distance than the texture) one can
write the quasiclassical spectra for plane waves:
c2⊥ k
2 + (c2‖ − c2⊥)(k · lˆ)2 + 12Ω
2
B sin
2 βn = ω(ω − ωL),
C2⊥k
2 + (C2‖ − C2⊥)(k · lˆ)2 + Ω2B cos2 βn = ω2, (8)
where βn is an angle between nˆ and H, the orbital anisotropy
axis lˆj = RajS
0
a and the spin wave velocities are introduced
as
c2⊥ =
γ2∆2
χB
(K −K′/2), c2‖ = γ
2∆2
χB
K,
C2⊥ =
γ2∆2
χB
K, C2‖ =
γ2∆2
χB
(K −K′).
(9)
The spin wave velocities are anisotropic, they have different
values if the wave propagates in the direction of lˆ or in the
perpendicular direction. The second line of Supplementary
equation (8) describes a longitudinal wave, the light Higgs
mode with a “relativistic” spectrum
ωHiggs =
√
Ω2B + (C k)
2. (10)
The first line of Supplementary equation (8) describes two
modes of transverse waves, optical and acoustic magnons,
with spectra of the form:
ωopt =
ωL
2
+
√(ωL
2
)2
+ (c k)2, ωac = −ωL
2
+
√(ωL
2
)2
+ (c k)2.
(11)
In Supplementary equations (10) and (11) the effects of
anisotropy and of the spin-orbit interaction are omitted for
simplicity.
Little Higgs field for spin waves in 3He-B
Let us introduce a vector field
n = nˆ sin θ/2 . (12)
The spin-orbit interaction (6) provides a “Mexican Hat” po-
tential for the n-field
Fso = Λ(|n|2 − n20)2 . (13)
where n20 = 5/8 and parameter Λ =
32
15
χB
γ2
Ω2B.
In the terminology of particle physics the n-vector serves
as the “little Higgs” field. In the vacuum states the ampli-
tude of the field is fixed, |n| = n0, while they are degener-
ate with respect to the orientation of nˆ. The broken SU(2)
symmetry leads to two Nambu-Goldstone modes (propagat-
ing oscillations of the orientation of nˆ), and one light Higgs
mode (propagating oscillations of the amplitude |n| around
n0). These three modes comprising the little Higgs field are
similar to the bosonic sector of Standard Model, where also
the SU(2) symmetry is instrumental. This low energy sector
of Standard Model contains the NG modes (the gauge bosons)
and one “light Higgs” (the 125 GeV Higgs boson). Our two
Nambu-Goldstone spin-wave modes correspond to the doublet
of the W-bosons. The spectrum of the spin wave modes in
3He-B splits in magnetic field into acoustic and optical modes.
The similar splitting is discussed for the spectrum of the W-
bosons in magnetic field (see e.g. Ref.3). Moreover, in strong
magnetic fields the Bose condensation of the W-bosons is ex-
pected, which is similar to the Bose condensation of optical
magnons.
SUPPLEMENTARY NOTE 2
Resonance condition for acoustic magnons
Let’s consider an excitation of acoustic magnons with fre-
quency N ωL. Here N = 1/2 corresponds to the parametric
exitation, N = 1, 2 . . . to the exitation of acoustic magnons
with frequency ωL, 2ωL, . . .. The resonances observed in the
experiments correspond to standing waves in the cylindrical
cell with radius R. For the short spin waves the resonances
can be treated in the quasiclassical approximation:
2
∫ R
0
kr dr = npi , (14)
8where kr is the classical trajectory along the cell diameter and
n is integer quantum number. This quantization corresponds
to the wave modes in cylinder with high radial and small
azimuthal quantum numbers.
The effect of the spin-orbit interaction on the spectrum of
short-wave acoustic magnons can be neglected, but anisotropy
of wave velocity is important. The ratio of the velocities
for k ‖ lˆ and k ⊥ lˆ is c‖/c⊥ ≈
√
4/3. Substituting the
transverse magnon spectrum (8) without the spin-orbit term
into (14) and taking into account that ω = NωL we get
ωL =
1√
N(1 +N)
pin c
2R
(15)
where c is a harmonic mean velocity in the non-uniform tex-
ture:
1/c =
1
R
∫ R
0
(
c2⊥ + (c
2
‖ − c2⊥) sin2 βl(r)
)−1/2
dr, (16)
and βl is an angle between lˆ and H.
The distance between the resonances is:
δfN =
1
2pi
∂ωL
∂n
=
1√
N(1 +N)
c
4R
. (17)
Note that the spin wave spectra (8) have been obtained
with the assumption of zero coupling between transverse and
longitudinal modes (ω2/Ω2B ≫ 1 or βn ≪ 1). In our experi-
ment this condition is approximately valid for directly excited
magnons with ω > 2ΩB. We use the same approximation
also for parametrically excited magnons with ω ≈ ΩB. This
is probably the reason why the agreement of the experimen-
tal data with Eq. (17) is much better for the directly excited
magnons.
SUPPLEMENTARY NOTE 3
Trap for magnon quasiparticles
In the case of optical magnons with ω ≈ ωL, localized
in the center of the cell, where nˆ is almost parallel to H,
equation (7) can be rewritten in a form of a Schro¨dinger
equation for magnon quasiparticles, where complex value
s+ =
1√
2
(Sx + iSy) plays role of the wave function and pre-
cession frequency ω plays role of the energy. Effect of texture
on the gradient terms is neglected here because it adds only
a small correction to the total gradient energy.
[
− c
2
⊥
ωL
(∇2x +∇2y)−
c2‖
ωL
∇2z + Ω
2
B
2ωL
sin2 βn + ωL
]
s+ = ω s+
(18)
Non-uniform potential for magnons is formed by the order
parameter texture and the magnetic field (βn and ωL param-
eters).
U =
Ω2B
2γH
sin2 βn + ωL. (19)
In our setup the potential has a quadratic minimum in the
center of the sample: in the flare-out texture angle βn near
the sample axis is linear, βn = β
′
nr and magnetic field of the
longitudinal coil has also quadratic profile near the center.
We use pulsed NMR to populate a few lowest levels in this
harmonic trap. If the number of magnons in the system is
small enough, interaction between the levels is negligible and
the excited states can be resolved in the measurements in-
dependently. If the magnon population is above a certain
threshold, they collapse to the ground state and form a Bose-
Einstein condensate.
From the spectra of the magnon levels in the trap we can
find values of spin-wave velocities c⊥ and c‖. This work is
presented in Ref. 4.
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